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FIN FIELD-EFFECT TRANSISTOR DEVICE
AND METHOD

PRIORITY CLAIM AND CROSS-REFERENC.

L1

This application 1s a divisional of U.S. patent application

Ser. No. 16/252,282 filed Jan. 18, 2019, entitled “Fin Field-
Effect Transistor Device and Method,” which claims priority

to U.S. Provisional Patent Application No. 62/753,682 filed
Oct. 31, 2018, entitled “Fin Field-Effect Transistor Device
and Method,” which applications are hereby incorporated by
reference in their entireties.

BACKGROUND

The semiconductor industry has experienced rapid growth
due to continuous improvements in the integration density of
a variety of electronic components (e.g., transistors, diodes,
resistors, capacitors, etc.). For the most part, this improve-
ment 1n 1ntegration density has come from repeated reduc-
tions 1n minimum feature size, which allows more compo-
nents to be mtegrated into a given area.

Fin Field-Effect Transistor (FinFET) devices are becom-
ing commonly used 1n integrated circuits. FinFET devices
have a three-dimensional structure that comprises a semi-
conductor fin protruding from a substrate. A gate structure,
configured to control the flow of charge carriers within a
conductive channel of the FinFET device, wraps around the
semiconductor fin. For example, 1n a tri-gate FinFET device,
the gate structure wraps around three sides of the semicon-
ductor fin, thereby forming conductive channels on three
sides of the semiconductor fin.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FIG. 1 1s a perspective view of a Fin Field-Eflect Tran-
sistor (FinFET), 1n accordance with some embodiments.

FIGS. 2-5, 6A-6C, 7-13, 14A, 14B, 15, 16A, 16B, 17A,
178, 18A, and 18B illustrate various views (e.g., Cross-
sectional view, plan view) of a FinFET device at various
stages of fabrication, in accordance with some embodi-
ments.

FIG. 19 illustrates a flow chart of a method of fabricating
a semiconductor device, in accordance with some embodi-
ments.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing diflerent fea-
tures of the invention. Specific examples of components and
arrangements are described below to simplify the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments 1n which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed between the first and second features, such that the
first and second features may not be 1n direct contact.
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Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1n
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly. Throughout the discussion, unless otherwise stated,
the same reference numeral 1n different figures refers to the
same or similar element formed by a same or similar process
using a same or similar materal(s).

Embodiments of the present disclosure are discussed 1n
the context of forming a semiconductor device, and in
particular, 1 the context of forming work function layers of
a FinFET device during device fabrication. The present
disclosure may also be used 1n other types of devices, such
as planar devices.

In an embodiment, a first dummy gate structure and a
second dummy gate structure are formed over a fin, and a
dielectric layer (e.g., an inter-layer dielectric layer) 1is
tformed around the first dummy gate structure and around the
second dummy gate structure. The first dummy gate struc-
ture and the second dummy gate structure are next removed
to form a first recess and a second recess in the dielectric
layer, respectively. A first work function layer (e.g., a p-type
work function layer) 1s formed conformally to line sidewalls
and bottoms of the first recess and the second recess. A
patterned mask layer (e.g., a polymer layer such as a bottom
anti-reflective coating (BARC) layer) i1s then formed to
cover the first work function layer 1n the second recess and
to expose the first work function layer 1n the first recess. The
exposed first work function layer 1n the first recess 1s then
removed by an etching process. Next, the patterned mask
layer 1n the second recess 1s removed by a plasma process.
In the illustrated embodiment, a composition of the pat-
terned mask layer comprises oxygen, which oxygen 1s
turned 1nto active oxygen species by the plasma process. The
oxygen species then reacts with a surface layer of the first
work function layer in the second recess to convert the
surface layer into an oxide (e.g., silicon oxide). Next, a
second work function layer (e.g., an n-type work function
layer) 1s formed 1n the first recess and 1n the second recess.
In the illustrated embodiment, the second work function
layer formed 1n the second recess 1s thicker than the second
work function layer formed in the first recess, due to the
oxide 1n the second recess being conducive to the deposition
of the second work function layer. A fill metal 1s next formed
to fill the first recess and the second recess to form a first
metal gate and a second metal gate, respectively. In some
embodiments, by changing the duration of the plasma pro-
cess, or by changing a flow rate of nitrogen used in the
plasma process, the thickness of the oxide layer 1s changed,
which in turn changes the thickness of the second work
function layer formed over the oxide layer. Therelore, the
first metal gate and the second metal gate have difierent
thicknesses for the second work function layer, which,
together with the different structures of the first metal gate
and the second metal gate, results in different threshold
voltage Vt for the first metal gate and the second metal gate.

FIG. 1 illustrates an example of a FinFET 30 1mn a
perspective view. The FinFET 30 includes a substrate 50 and
a 1in 64 protruding above the substrate 50. Isolation regions
62 are formed on opposing sides of the fin 64, with the fin
64 protruding above the i1solation regions 62. A gate dielec-
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tric 66 1s along sidewalls and over a top surface of the fin 64,
and a gate 68 1s over the gate dielectric 66. Source/drain
regions 80 are 1n the fin 64 and on opposing sides of the gate
diclectric 66 and the gate 68. FIG. 1 further illustrates
reference cross-sections that are used in later figures. Cross-
section B-B extends along a longitudinal axis of the gate 68
of the FinFET 30. Cross-section A-A 1s perpendicular to
cross-section B-B and 1s along a longitudinal axis of the fin
64 and 1n a direction of, for example, a current flow between
the source/drain regions 80. Cross-section C-C 1s parallel to
cross-section B-B and 1s across the source/drain region 80.
Cross-section D-D 1s parallel to cross-section A-A and
outside of the fin 64. Subsequent figures refer to these
reference cross-sections for clarity.

FIGS. 2-5, 6A-6C, 7-13, 14A, 14B, 15, 16 A, 16B, 17A,
17B, 18A, and 18B 1illustrate various views (e.g., Cross-
sectional view, plan view) of a FinFET device 100 at various
stages of fabrication in accordance with some embodiments.
In the present disclosure, figures with the same numeral but
different letters (e.g., 14A, 14B) refer to diflerent views of
the FinFET device 100 at a same stage of processing. The
FinFET device 100 1s similar to the FinFET 30 in FIG. 1,
except for multiple fins and multiple gate structures. FIGS.
2-5 1llustrate cross-sectional views of the FinFET device 100
along cross-section B-B, and FIGS. 6A, 7-13, and 14A
illustrate cross-sectional views of the FinFET device 100
along cross-section A-A. FIGS. 6B and 6C illustrate various
embodiment cross-sectional views of the FinFET device 100
along cross-section C-C. FIG. 14B 1illustrates the cross-
sectional view of the FinFE'T device 100 along cross-section
D-D. FIG. 15 1s a plan view of the FinFET device 100. FIGS.
16A and 17A 1illustrate cross-sectional views of the FInFET
device 100 along cross-section D-D, and FIGS. 16B and
17B illustrate cross-sectional views of the FinFET device
100 along cross-section B-B. FIGS. 18A and 18B 1illustrate
cross-sectional views of the FinFET device 100 along cross-
sections A-A and B-B, respectively.

FI1G. 2 1llustrates a cross-sectional view of a substrate 50.
The substrate 50 may be a semiconductor substrate, such as
a bulk semiconductor, a semiconductor-on-msulator (SOI)
substrate, or the like, which may be doped (e.g., with a
p-type or an n-type dopant) or undoped. The substrate 50
may be a waler, such as a silicon wafer. Generally, an SOI
substrate includes a layer of a semiconductor material
formed on an insulator layer. The insulator layer may be, for
example, a buried oxide (BOX) layer, a silicon oxide layer,
or the like. The insulator layer i1s provided on a substrate,
typically a silicon or glass substrate. Other substrates, such
as a multi-layered or gradient substrate may also be used. In
some embodiments, the semiconductor material of the sub-
strate 50 may 1include silicon; germamum; a compound
semiconductor including silicon carbide, galllum arsenic,
gallium phosphide, indium phosphide, indium arsenide,
and/or indium antimonide; an alloy semiconductor including
S1Ge, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP, and/or
(GalnAsP; or combinations thereof.

As 1llustrated 1n FIG. 2, the substrate 50 includes a region
200 and a region 300, which may be used to form different
types (e.g., n-type and p-type) of semiconductor devices. For
example, the region 200 may be used to form n-type
transistors and may be referred to as an n-type device region
(e.g., an NMOS region), and the region 300 may be used to
form p-type transistors and may be referred to as a p-type
device region (e.g., a PMOS region).

Referring to FIG. 3, the substrate 50 shown in FIG. 2 1s
patterned using, for example, photolithography and etching
techniques. For example, a mask layer, such as a pad oxide
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layer 52 and an overlying pad nitride layer 56, 1s formed
over the substrate 50. The pad oxide layer 52 may be a thin
film comprising silicon oxide formed, for example, using a
thermal oxidation process. The pad oxide layer 52 may act
as an adhesion layer between the substrate 50 and the
overlying pad nitride layer 56 and may act as an etch stop
layer for etching the pad nitride layer 56. In some embodi-
ments, the pad nitride layer 56 1s formed of silicon nitride,
silicon oxynitride, silicon carbonitride, the like, or a com-
bination thereof, and may be formed using low-pressure
chemical vapor deposition (LPCVD) or plasma enhanced
chemical vapor deposition (PECVD), as examples.

The mask layer may be patterned using photolithography
techniques. Generally, photolithography techniques utilize a
photoresist material (not shown) that 1s deposited, irradiated
(exposed), and developed to remove a portion of the pho-
toresist material. The remaiming photoresist material pro-
tects the underlying material, such as the mask layer 1n this
example, from subsequent processing steps, such as etching.
In this example, the photoresist material 1s used to pattern
the pad oxide layer 52 and pad nitride layer 56 to form a
patterned mask 38, as illustrated 1in FIG. 3.

The patterned mask 58 1s subsequently used to pattern
exposed portions of the substrate 50 to form trenches 61,
thereby defining semiconductor fin 64 (also referred to as
fins) between adjacent trenches 61 as illustrated 1n FIG. 3. In
some embodiments, the semiconductor fins 64 are formed
by etching trenches in the substrate 50 using, for example,
reactive 1on etch (RIE), neutral beam etch (NBE), the like,
or a combination thereof. The etching process may be
anisotropic. In some embodiments, the trenches 61 may be
strips (viewed from in the top) parallel to each other, and
closely spaced with respect to each other. In some embodi-
ments, the trenches 61 may be continuous and surround the
semiconductor fins 64. After semiconductor fins 64 are
formed, the patterned mask 58 may be removed by etching
or any suitable method.

The fins 64 may be patterned by any suitable method. For
example, the fins 64 may be patterned using one or more
photolithography processes, including double-patterning or
multi-patterming processes. Generally, double-patterning or
multi-patterming processes combine photolithography and
self-aligned processes, allowing patterns to be created that
have, for example, pitches smaller than what 1s otherwise
obtainable using a single, direct photolithography process.
For example, 1n an embodiment, a sacrificial layer 1s formed
over a substrate and patterned using a photolithography
process. Spacers are formed alongside the patterned sacri-
ficial layer using a self-aligned process. The sacrificial layer
1s then removed, and the remaining spacers, or mandrels,
may then be used to pattern the fins.

FIG. 4 1llustrates the formation of an insulation material
between neighboring semiconductor fins 64 to form isola-
tion regions 62. The insulation material may be an oxide,
such as silicon oxide, a nitride, the like, or a combination
thereof, and may be formed by a high density plasma
chemical vapor deposition (HDP-CVD), a tlowable CVD
(FCVD) (e.g., a CVD-based matenial deposition 1n a remote
plasma system and post curing to make it convert to another
material, such as an oxide), the like, or a combination
thereof. Other insulation materials and/or other formation
processes may be used. In the illustrated embodiment, the
insulation material 1s silicon oxide formed by a FCVD
process. An anneal process may be performed once the
insulation material 1s formed. A planarization process, such
as a chemical mechanical polish (CMP), may remove any
excess 1nsulation material (and, 1t present, the patterned
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mask 58) and form top surfaces of the i1solation regions 62
and top surfaces of the semiconductor fins 64 that are
coplanar (not shown).

In some embodiments, the 1solation regions 62 include a
liner, e.g., a liner oxide (not shown), at the interface between
the 1solation region 62 and the substrate 50/semiconductor
fins 64. In some embodiments, the liner oxide 1s formed to
reduce crystalline defects at the interface between the sub-
strate 50 and the 1solation region 62. Similarly, the liner
oxide may also be used to reduce crystalline defects at the
interface between the semiconductor fins 64 and the 1sola-
tion region 62. The liner oxide (e.g., silicon oxide) may be
a thermal oxide formed through a thermal oxidation of a
surface layer of substrate 50, although other suitable method
may also be used to form the liner oxide.

Next, the 1solation regions 62 are recessed to form shal-
low trench 1solation (STI) regions. The 1solation regions 62
are recessed such that the upper portions of the semicon-
ductor fins 64 protrude from between neighboring 1solation
regions 62. The top surfaces of the 1solation regions 62 may
have a flat surface (as 1illustrated), a convex surface, a
concave surface (such as dishing), or a combination thereof.
The top surfaces of the i1solation regions 62 may be formed
flat, convex, and/or concave by an appropriate etch. The
isolation regions 62 may be recessed using an acceptable
etching process, such as one that 1s selective to the material
of the 1solation regions 62. For example, a wet etch process
using dilute hydrofluoric (dHF) acid may be used.

FIGS. 2 through 4 1llustrate an embodiment of forming
fins 64, but fins may be formed in various different pro-
cesses. In one example, a dielectric layer can be formed over
a top surface of a substrate; trenches can be etched through
the dielectric layer; homoepitaxial structures can be epitaxi-
ally grown 1n the trenches; and the dielectric layer can be
recessed such that the homoepitaxial structures protrude
from the dielectric layer to form fins. In another example,
heteroepitaxial structures can be used for the fins. For
example, the semiconductor fins may be recessed, and a
material different from the semiconductor fins may be
epitaxially grown 1in their place.

In an even further example, a dielectric layer can be
formed over a top surface of a substrate; trenches can be
ctched through the dielectric layer; heteroepitaxial structures
can be epitaxially grown in the trenches using a material
different from the substrate; and the dielectric layer can be
recessed such that the heteroepitaxial structures protrude
from the dielectric layer to form fins.

In some embodiments where homoepitaxial or heteroepi-
taxial structures are epitaxially grown, the grown materials
may be i situ doped during growth, which may obwviate
prior and subsequent implantations although in situ and
implantation doping may be used together. Still further, 1t
may be advantageous to epitaxially grow a material 1n an
NMOS region different from the material 1n a PMOS region.
In various embodiments, the fins may comprise silicon
germanium (S1,Ge,_, where X can be between approxi-
mately O and 1), silicon carbide, pure or substantially pure
germanium, a I1I-V compound semiconductor, a II-VI com-
pound semiconductor, or the like. For example, the available

materials for forming III-V compound semiconductor
include, but are not limited to, InAs, AlAs, GaAs, InP, GaN,

InGaAs, InAlAs, GaSh, AISb, AIP, GaP, and the like.

FI1G. 5 illustrates the formation of a dummy gate structure
75 over the semiconductor fins 64. The dummy gate struc-
ture 75 includes gate dielectric 66 and gate 68, in some
embodiments. The dummy gate structure 75 may be formed
by patterning a mask layer, a gate layer and a gate dielectric
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layer, where the mask layer, the gate layer and the gate
dielectric layer comprise a same material as the mask 70, the
gate 68, and the gate dielectric 66, respectively. To form the
dummy gate structure 75, the gate dielectric layer 1s formed
on the semiconductor fins 64 and the 1solation regions 62.
The gate dielectric layer may be, for example, silicon oxide,
silicon nitride, multilayers thereof, or the like, and may be
deposited or thermally grown according to acceptable tech-
niques.

The gate layer 1s formed over the gate dielectric layer, and
the mask layer 1s formed over the gate layer. The gate layer
may be deposited over the gate dielectric layer and then
planarized, such as by a CMP. The mask layer may be
deposited over the gate layer. The gate layer may be formed
of, for example, polysilicon, although other materials may
also be used. The mask layer may be formed of, for example,
silicon nitride or the like.

After the gate dielectric layer, the gate layer, and the mask
layer are formed, the mask layer may be patterned using
acceptable photolithography and etching techniques to form
mask 70. The pattern of the mask 70 then may be transierred
to the gate layer and the gate dielectric layer by a suitable
ctching technique to form gate 68 and gate dielectric 66,
respectively. The gate 68 and the gate dielectric 66 cover
respective channel regions of the semiconductor fins 64. The
gate 68 may also have a lengthwise direction substantially
perpendicular to the lengthwise direction of respective semi-
conductor fins 64. Although one dummy gate structure 75 1s
illustrated 1n the cross-sectional view of FIG. 5, more than
one dummy gate structures 75 may be formed over the
semiconductor fins 64. For example, two dummy gate
structures 75 (e.g., 75A and 75B) are illustrated in FIG. 6A.
The number of dummy gate structures illustrated herein 1s
illustrative and non-limiting, other numbers of dummy gate
structures are also possible and are fully intended to be
included within the scope of the present disclosure.

FIG. 6A illustrates the cross-section views of further
processing of the FinFET device 100 along cross-section
A-A (along a longitudinal axis of the fin). As illustrated in
FIG. 6 A, lightly doped drain (LDD) regions 65 are formed
in the fin 64. The LDD regions 65 may be formed by an
implantation process. The implantation process may implant
n-type or p-type impurities in the fins 64 to form the LDD
regions 65. In some embodiments, the LDD regions 65 abut
the channel region of the FinFET device 100. Portions of the
LDD reglons 65 may extend under gate 68 and into the
channel region of the FinFET device 100. FIG. 6 A illustrates
a non-limiting example of the LDD regions 65. Other
configurations, shapes, and formation methods of the LDD
regions 65 are also possible and are fully intended to be
included within the scope of the present disclosure. For
example, LDD regions 65 may be formed after gate spacers
87 are formed.

Still referring to FIG. 6A, after the LDD regions 65 are
formed, gate spacers 87 are formed on the gate structure. In
the example of FIG. 6 A, the gate spacers 87 are formed on
opposing sidewalls of the gate 68 and on opposing sidewalls
of the gate dielectric 66. The gate spacers 87 may be formed
of a nitride, such as silicon mitride, silicon oxynitride, silicon
carbide, silicon carbonitride, the like, or a combination
thereol, and may be formed using, e.g., a thermal oxidation,
CVD, or other suitable deposition process. The gate spacers
87 may also extend over the upper surface of the semicon-
ductor fins 64 and the upper surface of the 1solation region
62.

The shapes and formation methods of the gate spacers 87
as 1llustrated 1n FIG. 6 A are merely non-limiting examples,
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and other shapes and formation methods are possible. For
example, the gate spacers 87 may include first gate spacers
(not shown) and second gate spacers (not shown). The first
gate spacers may be formed on the opposing sidewalls of the
dummy gate structure 75. The second gate spacers may be
formed on the first gate spacers, with the first gate spacers
disposed between a respective gate structure and the respec-
tive second gate spacers. The first gate spacers may have an
L-shape 1n a cross-sectional view. As another example, the
gate spacers 87 may be formed after the epitaxial source/
drain regions 80 are formed. In some embodiments, dummy
gate spacers are formed on the first gate spacers (not shown)
before the epitaxial process of the epitaxial source/drain
regions 80, and the dummy gate spacers are removed and
replaced with the second gate spacers after the epitaxial
source/drain regions 80 are formed. All such embodiments
are Tully mtended to be included in the scope of the present
disclosure.

Next, as illustrated 1 FIG. 6 A, source/drain regions 80
are formed. The source/drain regions 80 are formed by
ctching the fins 64 to form recesses, and epitaxially growing
a material 1 the recess, using suitable methods such as
metal-organic CVD (MOCVD), molecular beam epitaxy
(MBE), liguid phase epitaxy (LPE), vapor phase epitaxy
(VPE), selective epitaxial growth (SEG), the like, or a
combination thereof.

As 1llustrated 1n FIG. 6A, the epitaxial source/drain
regions 80 may have surfaces raised from respective sur-
faces of the fins 64 (e.g. raised above the non-recessed
portions of the fins 64) and may have facets. The source/
drain regions 80 of the adjacent fins 64 (e.g., fins 64 1n the
regions 200 or in the regions 300 1n FIG. 6B) may merge to
form a continuous epitaxial source/drain region 80, as 1llus-
trated 1n FIG. 6B. In some embodiments, the source/drain
regions 80 ol adjacent fins 64 do not merge together and
remain as separate source/drain regions 80, as 1llustrated in
FIG. 6C. In some embodiments, source/drain regions 80 1n
n-type device regions (e.g., region 200) comprise silicon
carbide (S1C), silicon phosphorous (SiP), phosphorous-
doped silicon carbon (S1CP), or the like. In some embodi-
ments, source/drain regions 80 1n p-type device regions
(e.g., region 300) comprise S1Ge, and a p-type impurity such
as boron or mdium.

The epitaxial source/drain regions 80 may be implanted
with dopants to form source/drain regions 80 followed by an
anneal process. The implanting process may include form-
ing and patterning masks such as a photoresist to cover the
regions of the FinFET that are to be protected from the
implanting process. For example, a patterned mask layer
may be formed to expose the region 200 and to shield the
region 300 from the implanting process for the region 200,
and another pattered mask layer may be formed to expose
the region 300 and to shield the region 200 from the
implanting process for the region 300. The source/drain
regions 80 may have an impurnty (e.g., dopant) concentra-
tion in a range from about 1E19 cm™ to about 1F

E21 cm™
In some embodiments, the epitaxial source/drain regions
may be 1n situ doped during growth.

Next, as illustrated 1n FIG. 6A, a first interlayer dielectric
(ILD) 90 1s formed over the dummy gate structures 75, the
gate spacers 87, and the source/drain region 80. In some
embodiments, the first ILD 90 1s formed of a dielectric
material such as silicon oxide (S10), phosphosilicate glass
(PSG), borosilicate glass (BSG), boron-doped phosphosili-
cate Glass (BPSG), undoped silicate glass (USG), or the
like, and may be deposited by any suitable method, such as
CVD, PECVD, or FCVD. A planarization process, such as
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a CMP process, may be performed to remove the mask 70
and to planarize the top surface of the first ILD 90, such that
the top surface of the first ILD 90 1s level with the top
surface of the gate 68 after the CMP process (not shown).
Theretore, after the CMP process, the top surface of the gate
68 15 exposed, 1n some embodiments.

Next, as illustrated in FIGS. 7-13, 14A and 14B, a
gate-last process (sometimes referred to as replacement gate
process) 1s performed to replace the dummy gate structures
75 with replacement gates. In a gate-last process, the gate 68
and the gate dielectric 66 (see FIG. 5) are considered dummy
gate and dummy gate dielectric, respectively, and are
removed and replaced with an active gate and active gate
dielectric, which may be collectively referred to as a replace-
ment gate. The replacement gate may also be referred to as
a metal gate, or a metal gate structure.

In FIGS. 7-13, 14A and 14B, portions of the dummy gate
structures 75 1n the region 200 (see FI1G. 15) are replaced by
metal gates (e.g., 97A_1,97B_1) in a first replacement gate
process while the region 300 1s shielded from the first
replacement process by a first mask layer (e.g., a patterned
photoresist, not shown). In other words, portions of the
dummy gate structure 75 1n the region 300 are not removed
by the first replacement gate process. After the first replace-
ment gate process, the first mask layer 1s removed, and a
second replacement gate process, which 1s same as or similar
to the first replacement gate process, 1s performed to replace
the portions of the dummy gate structures 75 1n the region
300 with metal gates (e.g., 97A_2, 97B_2) while the region
200 1s shield by a second mask layer (e.g., a patterned
photoresist, not shown) from the second replacement gate
process. The second mask layer may then be removed after
the second replacement gate process.

FIGS. 7-13, 14A and 14B 1illustrates processing of the first
replacement gate process discussed above to replace por-
tions of the dummy gate structures 73 1n the region 200 with
metal gates. One of ordinary skill, upon reading the present
disclosure, will readily understand the processing for the
second replacement gate process discussed above, thus
details are not repeated. Therelfore, only the first replacement

gate process 1s discussed 1n this disclosure with reference to
FIGS. 7-13, 14A and 14B.

FIGS. 7-13, 14A and 14B 1illustrate cross-section views of
the FinFET dewce 100 along cross-section A-A of the fin
64B (see FIG. 15) 1n the region 200 (e.g., an n-type device
region). Theretfore, in the discussion below with reference to
FIGS. 7-13, 14 A and 14B, the dummy gate structure 75 (e.g.,
75A, 75B) and the metal gate structure 97 (e.g., 97A, 97B)
refer to portions of the respective structures (e.g., dummy
gate structure 75 and metal gate structure 97) 1n the region
200.

Referring now to FIG. 7, the dummy gate structures 75
(see FIG. 6A) are removed to form recesses 91 (e.g., 91A
and 91B) 1n the first ILD 90. In accordance with some
embodiments, the gate 68 and the gate dielectric 66 directly
under the gate 68 are removed 1n an etching step(s), so that
recesses 91 are formed. Each recess 91 exposes a channel
region of a respective fin 64. Each channel region may be
c1sposed between neighboring pairs of epitaxial source/
drain regions 80. During the dummy gate removal, the gate
dielectric 66 may be used as an etch stop layer when the gate
68 1s etched. The gate dielectric 66 may then be removed
alter the removal of the gate 68.

Next, in FIG. 8, a gate dielectric layer 82 1s formed (e.g.,
conformally) in the recesses 91 and over the first ILD 90. As
illustrated 1n FIG. 8, the gate dielectric layer 82 lines
sidewalls and bottoms of the recesses 91, and extends along




US 11,527,447 B2

9

upper surfaces of the gate spacers 87 and along the upper
surface of the first ILD 90. In accordance with some
embodiments, the gate dielectric layer 82 comprises silicon
oxide, silicon nitride, or multilayers thereof. In the 1llus-
trated embodiment, the gate dielectric layer 82 includes a
high-k dielectric material, which may have a k value greater
than about 7.0, and may include a metal oxide or a silicate
of Hf, Al, Zr, La, Mg, Ba, T1, Pb, and combinations thereof.
The formation methods of gate dielectric layer 82 may
include MBD, ALD, PECVD, and the like.

Next, in FIG. 9, a first work function layer 84' 1s formed
(c.g., conformally) over the gate dielectric layer 82. In the
illustrated embodiment, the first work function layer 84' 1s a
p-type work function layer and comprises a p-type work
function metal, such as titanium silicon nitride (e.g., TiS1N),
formed by a sutable formation method such as ALD.
Although TiSiN 1s used as an example, other suitable p-type
work function metals, such as TiN, TaN, Ru, Mo, Al, WN,
/rS12, MoSi12, TaS12, N1S12, WN, or combinations thereof,
may also be used as the material of the first work function
layer 84'.

Next, in FI1G. 10, a patterned mask layer 83 1s formed over
the first work function layer 84'. The patterned mask layer 83
fills the recess 91B (see FIG. 9), and extends over (e.g.,
covers) the upper surface of the first work function layer 84'
proximate to the recess 91B. As illustrated in FIG. 10, the
patterned mask layer 83 does not fill the recess 91A, and
exposes the upper surface of the first work function layer 84
proximate to the recess 91A.

In an embodiment, to form the patterned mask layer 83,
a bottom anti-reflective coating (BARC) layer and a photo-
resist are blanket deposited successively over the FinFET
device 100 1illustrated i FIG. 9. Next, the photoresist is
patterned by exposing the photoresist to a patterned energy
source and developing the photoresist using a developer.
After developing the photoresist, a remaining portion of the
photoresist has a shape corresponding to the shape of the
patterned mask layer 83 to be formed. Next, the pattern of
the patterned photoresist 1s transierred to the BARC layer
using, €.g., an anisotropic etching process, and after the
anisotropic etching process, a remaining portion of the
BARC layer form the patterned mask layer 83. The BARC
layer may be formed of a suitable dielectric material, such
as a polymer. In an example embodiment, a composition of
the BARC layer includes oxygen, and therefore, the pat-
terned mask layer 83 also includes oxygen. In some embodi-
ments, the anisotropic etching process used to pattern the
BARC layer 1s a dry etch process performed using an
etching gas comprises nitrogen (e.g., N,) and hydrogen (e.g.,
H,).

Next, in FIG. 11, exposed portions of the first work
function layer 84', e.g., portions not covered by the patterned
mask layer 83, are removed, and the remaining portions of
the first work function layer 84' are denoted as first work
function layer 84. In some embodiments, a wet etch process
1s performed to remove the exposed portions of the first
work function layer 84', using an etchant that 1s selective to
the material of the first work function layer 84'. In the
illustrated embodiment, the first work function layer 84'
comprises titantum silicon nitride, and the etchant used 1n
the wet etch process comprises ammonia (e.g., NH,). As
illustrated 1 FIG. 11, the wet etch process removes the
exposed portions of the first work function layer 84' and
exposes the underlying gate dielectric layer 82.

Next, in FIG. 12, the patterned mask layer 83 (e.g., a
polymer layer comprising oxygen) 1s removed by a plasma
process. In an embodiment, the plasma process 1s performed
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using a gas mixture of nitrogen (e.g., N,), hydrogen (e.g.,
H,) and helium (e.g., He). Note that in the 1illustrated
embodiment, the gas mixture does not include oxygen. In
some embodiments, when the gas mixture 1s activated into
plasma, the H radicals from the hydrogen react with the
patterned mask layer 83 to remove the pattern mask layer 83.
The heltum 1n the gas mixture may aid 1n the generation of
the H radicals, and the nitrogen in the gas mixture may
improve the etch rate of the plasma process.

In some embodiments, the plasma process 1s performed
using the gas mixture of nitrogen, hydrogen and helium, and
1s performed at a temperature between about 240° C. and
about 260° C., at a pressure between about 0.8 Torr and
about 1.1 Torr. A flow rate of helium 1s between about 800
standard cubic centimeters per minute (sccm) and about
6000 sccm, a tlow rate of hydrogen 1s between about 3000
sccm and about 5000 sccm, and a flow rate of nitrogen 1s
between about 0 sccm and about 6000 sccm, 1n some
embodiments.

In accordance with some embodiments, the patterned
mask layer 83 1s a polymer layer comprising oxygen, which
oxygen 1s activated into active oxygen species during the
plasma process. The oxygen species reacts with the first
work function layer 84 and coverts a surface layer (e.g., an
upper portion of 84 distal the substrate 50) of the first work
function layer 84 into an oxide layer 83. In the illustrated
example of FIG. 12, the first work function layer 84 com-
prises titanium silicon nitride, and the oxide layer 85 com-
prises silicon oxide.

Next, in FIG. 13, a second work function layer 86 1is
formed (e.g., conformally) over the structure illustrated 1n
FIG. 12. In particular, the second work function layer 86
includes a first portion 86A that lines sidewalls and the
bottom of the recess 91A and extends along (e.g., physically
contacts) the upper surface of the exposed portions of the
gate dielectric layer 82. In addition, the second work func-
tion layer 86 also includes a second portion 86B that lines
sidewalls and the bottom of the recess 91B and extends
along (e.g., physically contacts) the upper surface of the
oxide layer 85. The second work function layer 86 com-
prises an n-type work function metal such as aluminum-
doped titanium carbide (e.g., T1AIC) formed by a suitable
deposition method such as ALD, in an example embodi-
ment. Although TiAIC 1s used an example of the second
work function layer 86, other suitable n-type work function
metals, such as TaAl, TaAlC, TiAIN, Mn, Zr, or combina-
tions thereof, may also be used as the second work function
layer 86.

As 1illustrated 1 FIG. 13, the first portion 86A and the
second portion 868 of the second work function layer 86
have diflerent thicknesses. In particular, the first portion 86 A
has a thickness T1 that 1s smaller than a thickness 12 of the
second portion 868B. Without being limited to a particular
theory, it 1s believed that the oxide layer 85 (e.g., silicon
oxide) 1s hydrophobic, which 1s conducive to the formation
of the second work function layer 86 (e.g., T1AIC). There-
fore, although the same deposition process, e.g., an ALD
process, 1s performed to form the second work function layer
86 over the gate dielectric layer 82 and over the oxide layer
85 at the same time, the second work function layer 86 is
formed faster (e.g., having a higher deposition rate) over the
oxide layer 85, 1n the 1llustrated embodiment. For example,
alter an ALD process with eight deposition cycles, the
thickness 11 of the first portion 86 A may be between about
10 angstroms and about 15 angstroms, and the thickness T2
of the second portion 86B may be larger than the thickness
T1 by about 2 angstroms to about 3 angstroms.
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In some embodiments, formation of the oxide layer 85
changes (e.g., increases) a diffusion rate of aluminum from
the second work function layer 86 to the gate dielectric layer
82. For example, an intensity of aluminum in the gate
dielectric layer 82, measured using X-ray fluorescence
(XRF) technology, 1s larger than a base line value of 7.38
kilo counts per second (kcps), such as between about 7.57
keps and about 7.84 kcps, where the base line value of 7.38
keps corresponds to the intensity of aluminum 1n the gate
dielectric layer 82 when the patterned mask layer 83 1s not
processed by the plasma process described above (e.g., the
plasma process using a gas mixture comprising nitrogen).

In some embodiments, the flow rate of nitrogen in the
plasma process performed to remove the patterned mask
layer 83 1s tuned (e.g., increased or decreased) to control the
thickness T2 of the second portion 86B of the second work
function layer 86. For example, increasing the flow rate of
nitrogen 1n the plasma process may increase the thickness of
the oxide layer 85, which 1n turn results 1n an increase in the
thickness T2 of the second portion 86B formed over the
oxide layer 85, and vice versa. In some embodiments, the
duration of the plasma process 1s tuned (e.g., increased or
decreased) to control the thickness 12 of the second portion
86B of the second work function layer 86. For example, the
duration of the plasma process may be increased to increase
the thickness of the oxide layer 85, which 1n turn results in
an increase in the thickness 12 of the second portion 868
formed over the oxide layer 85, and vice versa. The thick-
ness T1 of the first portion 86A of the second work function
layer 86 1s not aflected by the flow rate of mitrogen or by the
duration of the plasma process, in some embodiments.

By tuning the flow rate of nitrogen 1n the plasma process
and/or the duration of the plasma process, the presently
disclosed method allows the second work function layer 86
to be formed with different thicknesses (e.g., T1, T2) in
different regions of the FinFET device 100 1 a same
deposition process (e.g., a same ALD process). To appreciate
the advantage of the presently disclosed method, consider a
reference method where different thicknesses of the second
work function layer 86 are achieved by using different
deposition processes. For example, the reference method
may use two different ALD processes that have different
numbers of deposition cycles to achieve different thick-
nesses. The two ALD processes may have to be performed
in two separate processing steps, with a first ALD process
(having a first number of deposition cycles) using a first
patterned mask to cover a first region of the FinFET device
100 while the second work function layer 86 i1s being
deposited 1 a second region, and with a second ALD
process using a second patterned mask to cover the second
region of the FinFET device 100 while the second work
function layer 86 1s being deposited in the first region.
Therefore, the reference method needs more processing
steps with different patterned masks, which increases the
manufacturing time and cost. In contrast, the presently
disclosed method saves processing time and cost by allow-
ing the second work function layer 86 to be formed with
different thicknesses 1n different regions 1n a single deposi-
tion processing (e.g., an ALD process).

Next, in FIG. 14A, a fill metal 88 1s formed over the
second work function layer 86 and to fill the recesses 91A
and 91B. The {fill metal 88 may be made of a metal-
contaiming material such as Cu, Al, W, the like, combina-
tions thereof, or multilayers thereof, and may be formed by,
e.g., electroplating, electroless plating, PVD, CVD, or other
suitable method. In some embodiments, before the fill metal
88 1s formed, a seed layer (not shown) such as a copper
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layer, 1s formed over the second work function layer 86 by
a suitable deposition process such as ALD, and the fill metal
88 1s then formed over the seed layer. Next, a planarization
process, such as CMP, 1s performed to remove portions of
the second work function layer 86, portions of the gate
dielectric layer 82, portions of the oxide layer 835, and
portions of the first work function layer 84 that are disposed
over the upper surface of the first ILD 90. After the planar-
ization process, remaining portions of the second work
function layer 86 and the gate dielectric layer 82 in the
recess 91A form the metal gate 97A (e.g., portions of 97A
in the region 200), and remaining portions of the second
work function layer 86, the oxide layer 85, the first work
function layer 84, and the gate dielectric layer 82 in the
recess 91B form the metal gate 97B (e.g., portions of 97B 1n
the region 200).

FIG. 14B 1illustrates the FinFET device 100 of FIG. 14 A,
but along cross-section D-D (see FIG. 15). As 1llustrated in
FIG. 14B, the metal gates 97 (e.g., 97A, 97B) are disposed
over the 1solation regions 62 and the substrate 50. Gate
spacers 87 are on opposing sidewalls of each metal gate 97.
The first ILD 90 surrounds the metal gates 97 and the gate
spacers 87. Since the cross-section D-D 1s outside the
semiconductor fins 64, features such as the semiconductor
fins 64, the source/drain regions 80, and the LDD regions 65
may not be visible in the cross-sectional view of FIG. 14B.

In the example of FIG. 14A, the metal gate 97A has the
first portion 86A of the second work function layer 86 with
the thickness T1, and the metal gate 97B has the first work
function layer 84 and the second portion 86B of the second
work function layer 86 with the thickness T2. Due to the
different structures and different thicknesses of the work
function layers (e.g., 84, 86), the transistors that the metal
gates 97A and 97B belong to have different threshold
voltages. By tuning the parameters (e.g., flow rate of nitro-
gen, and/or duration) of the plasma process used to remove
the patterned mask layer 83, the thickness 12 of the second
portion 868 of the second work function layer 86 1s easily
modified, which allows the threshold voltage Vt of the
corresponding transistor to be tuned easily in accordance
with design specifications. In addition, since the oxide layer
835 1s formed by the plasma process to remove the patterned
mask layer 83, no extra processing step 1s needed to form the
oxide layer 85. In other words, the formation of the oxide
layer 85 and the removal of the patterned mask layer 83 are
performed 1n a same processing step (e.g., by the plasma
process). This advantageously saves manufacturing cost and
time.

As describe above, after the first replacement gate pro-
cess, the region 200 may be covered by a mask layer, and the
second replacement gate process may be performed to
replace portions of the dummy gate structure 75 in the region
300. Since the region 300 (e.g., a p-type device region) may
be a diflerent device region from the region 200 (e.g., an
n-type device region), the number of work function layers,
the matenials of the work function layers, and/or the thick-
nesses of the work function layers may be tuned for the type
of device to be formed 1n the region 300. Therefore, a same
metal gates 97 (e.g., 97A or 97B 1n FIG. 15) may have
different structures 1n the region 200 and the region 300. In
other words, portions (e.g., 97A_1, or 97B_1) of a metal
gate 97 1n the region 200 may be different from portions
(e.g., 97A_2, or 97B_2) of the metal gate 97 in the region
300. As an example, portions of the metal gate 97 1n the
region 200 and portions of the metal gate 97 1n the region
300 may have diflerent numbers of work function layers, or
different materials for the work function layers. As another
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example, portions of the metal gate 97 1n the region 200 and
portions of the metal gate 97 in the region 300 may have the
same number of work function layers with each work
function layer being formed of a same work function metal,
but at least one of the work function layers has diflerent
thicknesses 1n the region 200 and the region 300. In other
embodiments, the metal gates 97 (e.g., 97A or 97B 1n FIG.
15) may have a same structures (e.g., as illustrated 1n FIG.
14A) 1n both the region 200 (e.g., an n-type device region)
and the region 300 (e.g., a p-type device region), but the
materials for the fins 64 1n the regions 200 and 300 may be
different to achieve different threshold voltages for the
different types (e.g., n-type, or p-type) of devices formed, 1n
which case the metal gates 97 in both the region 200 and the
region 300 may be formed 1n a single replacement gate
process instead of two separate replacement gate processes.

Referring now to FIG. 15, a plan view of the FinFET
device 100 after the processing step of FIGS. 14A and 14B
1s 1llustrated. For simplicity, not all features of the FinFET
device 100 are illustrated. For example, the gate spacers 87,
the 1solation regions 62, and the source/drain regions 80 are
not illustrated 1n FIG. 15.

As 1llustrated 1n FIG. 15, the metal gates 97 (e.g., 97A/
97B) straddle the semiconductor fins 64 (e.g., 64A/64B/
64C/64D). In subsequent processing, a metal gate cutting
process 1s performed to cut each of the metal gate 97 (e.g.,
97B) into two separate metal gates (see, e.g., 97B_1 and
97B_2 1n FIG. 17B). In the illustrated embodiment, a portion
of the metal gates 97A/97B 1n a cut area 55 1s removed,
thereby separating each the metal gates 97A and 97B 1nto
two separate metal gates. For example, after the metal gate
cutting process, portions of the metal gate 97B over the
semiconductor fins 64 A and 64B form the metal gate 97B_1,
and portions of the metal gate 97B over the semiconductor
fins 64C and 64D form the metal gate 97B_2. The metal gate
97B_1 and the metal gate 97B_2 may be controlled 1nde-
pendently, e.g., by applying different control voltages to the
metal gates 97B_1 and 97B_2.

FIG. 15 1llustrates a non-limiting example of the cut area
55. The number of cut areas 55, the size of cut areas 55, and
the location of cut areas 55 may be varied to achieve
different cutting patterns and to form metal gates with
different sizes and patterns. These and other variations of the
cut areas 55 are fully intended to be included within the
scope of the present disclosure. Discussions below use the
example of one cut area 55 as 1llustrated in FI1G. 15, with the
understanding that any number of cut areas may be used in
the fabrication of the FinFET device 100.

FIGS. 16A-18B illustrate cross-sectional views of the
FinFET device 100 1 a subsequent metal gate cutting
process, 1n accordance with an embodiment. Referring now
to FIGS. 16 A and 16B, a mask layer 123, which may include
a first hard mask layer 122 and a second hard mask layer
124, 1s formed over the FinFET device 100.

In some embodiments, the first hard mask layer 122 1s a
metal hard mask layer and the second hard mask layer 124
1s a dielectric hard mask layer. The first hard mask layer 122
may be a masking material such as titanium nitride, titanium
oxide, the like, or a combination thereof. The first hard mask
layer 122 may be formed using a process such as ALD,
CVD, PVD, the like, or a combination thereot. The second
hard mask layer 124 1s deposited over the first hard mask
layer 122. The second hard mask layer 124 may be used as
a masking pattern for the first hard mask layer 122. In
subsequent processing steps, the second hard mask layer 124
1s patterned to form patterns which may then be transferred
to the first hard mask layer 122. The second hard mask layer
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124 may be a masking material such as silicon nitride,
silicon oxide, tetraethyl orthosilicate (IEOS), 510,C, the
like, or a combination thereof. The second hard mask layer
124 may be formed using a process such as CVD, ALD, the
like, or a combination thereof. In an embodiment, the first
hard mask layer 122 comprises titanium nitride, and the
second hard mask layer 124 comprises silicon nitride.

Next, a photoresist (not shown) 1s formed over the mask
layer 123 and patterned. The pattern of the patterned pho-
toresist 1s then transferred to the mask layer 123 using
suitable methods, such as one or more anisotropic etching
processes. As a result, a pattern 141 (e.g., an opening) 1s
formed 1n the first hard mask layer 122 and the second hard
mask layer 124. The pattern 141 corresponds to the cut area
55 1n FIG. 15, and exposes portions of the metal gates
97A/97B within the cut area 55 (see FIG. 15). As illustrated
in FIG. 16 A, the pattern 141 also exposes the gate spacers
87 around the metal gates 97A/97B.

Next, as illustrated in FIGS. 16 A and 16B, portions of the
metal gates 97A/97B within the cut area 55 (see FIG. 15)
and exposed by the pattern 141 are removed. A suitable
etching process, such as an anisotropic etching process, may
be performed to remove the exposed portions of the metal
gates 97A/978. Alter the portions of the metal gates 97A/
97B within the cut area 55 are removed, recesses 140 (e.g.,
openings) are formed at locations where the removed por-
tions of the metal gate 97A/97B used to be. As 1llustrated 1n
FIG. 16B, the recesses 140 extend through the metal gates
and expose portions of the i1solation regions 62.

Next, as illustrated 1n FIGS. 17A and 17B, the recesses
140 are filled by a dielectric material 142. Suitable matenals
for the dielectric material 142 may include silicon nitride,
s1licon oxynitride, silicon carbide, combinations thereof, and
the like, formed by PVD, CVD, ALD, or other suitable
deposition method. After the dielectric material 142 fills the
recesses 140, each of the metal gates 97A/97B 1s separated
into two separate metal gates. FIG. 17B shows the two
separate metal gates 97B_1 and 97B_2 formed by cutting
the metal gate 97B. As discussed above, the metal gate
97B_1 1n the region 200 may have different work function
layers than the metal gate 97B_2 1n the region 300. In the
illustrated example of FIG. 17B, the metal gates 97B_1 and
97B_2 have the same structure, but the fins 64 1n the regions
200 and 300 may have different materials to achieve difler-
ent threshold voltages. For example, both the metal gate
97B_1 and 97B_2 have the gate diclectric layer 82, the first
work function layer 84, the oxide layer 83, and the second
work function layer 86. However, the fins 64 1n the region
200 may be formed of a material (e.g., S1) that 1s different
from the material (e.g., S1Ge) of the fins 64 1n the region 300.

Next, a planarization process, such as a CMP process,
may be performed to remove the first hard mask layer 122,
the second hard mask layer 124, and portions of the dielec-
tric material 142 over the upper surface of the second hard
mask layer 124.

Next, as 1llustrated 1in FIGS. 18A and 18B, contacts 102
are formed over and electrically connected to the metal gates
97 and to the source/drain region 80. To form the contacts
102, a second ILD 95 i1s formed over the first ILD 90. In
some embodiments, the second ILD 95 1s a flowable film
formed by a flowable CVD method. In some embodiments,

the second ILD 95 1s formed of a dielectric material such as
PSG, BSG, BPSG, USG, or the like, and may be deposited

by any suitable method, such as CVD and PECVD. Next,
contact openings are formed through the first ILD 90 and/or
the second ILD 95 to expose the source/drain regions 80 and
the metal gates 97, which contact opemings are then filled
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with electrically conductive material(s) to form the contacts
102. In some embodiments, silicide regions 81 are formed
over the source/drain regions 80 before the contact openings
are filled. Details of forming the contacts 102 are discussed
hereinatter.

In some embodiments, silicide regions 81 are formed over
the source/drain regions 80. Silicide regions 81 may be
tormed by first depositing a metal capable of reacting with
semiconductor materials (e.g., silicon, germanium) to form
silicide or germanide regions, such as nickel, cobalt, tita-
nium, tantalum, platinum, tungsten, other noble metals,
other refractory metals, rare earth metals or their alloys, over
the source/drain regions 80, then performing a thermal
anneal process to form the silicide regions 81. The un-
reacted portions of the deposited metal are then removed,
¢.g., by an etching process. Although regions 81 are referred
to as silicide regions, regions 81 may also be germanide
regions, or silicon germanide regions (€.g., regions compris-
ing silicide and germanide).

Next, a barrier layer 104 1s formed lining sidewalls and
bottoms of the contact openings, and over the upper surface
of the second ILD 95. The barrier layer 104 may comprise
titanium nitride, tantalum nitride, titanium, tantalum, the
like, and may be formed by ALD, PVD, CVD, or other
suitable deposition method. Next, a seed layer 109 1s formed
over the barrier layer 104. The seed layer 109 may be
deposited by PVD, ALD or CVD, and may be formed of
tungsten, copper, or copper alloys, although other suitable
methods and materials may alternatively be used. Once the
seed layer 109 has been formed, a conductive material 110
may be formed onto the seed layer 109, filling and overfill-
ing the contact openings. The conductive material 110 may
comprise tungsten, although other suitable maternials such as
aluminum, copper, tungsten nitride, rhuthenium, silver, gold,
rhodium, molybdenum, nickel, cobalt, cadmium, zinc,
alloys of these, combinations thereof, and the like, may
alternatively be utilized. Any suitable deposition method,
such as PVD, CVD, ALD, plating (e.g., electroplating), and
retflow, may be used to form the conductive material 110.

Once the contact openings have been filled, excess por-
tions of the barrier layer 104, seed layer 109, and conductive
material 110 outside of the contact openings may be
removed through a planarization process such as CMP,
although any suitable removal process may be used. Con-
tacts 102 are thus formed in the contact openings. The
contacts 102 are illustrated 1n a single cross-section as an
example, the contacts 102 could be in different cross-
sections. In addition, 1n FIG. 18B, one contact 102 1s shown
connected to each of the two metal gate 97B_1 and 97B_2
as an example. The number and the location of the contacts
102 connected to each of the metal gates 97B_1 and 97B_2
may be changed without departing from the spirit of the
present disclosure, these and other modifications are fully
intended to be included within the scope of the present
disclosure.

Variations to the disclosed embodiment are possible and
are fully intended to be included within the scope of the
present disclosure. For example, while two metal gates (e.g.,
97A, 97B) are 1llustrated 1n FIG. 14 A, more or less than two
metal gates may be formed over the fin 64, and the thickness
of the second work function layer 86 in each of the metal
gates may be diflerent, e.g., by performing the plasma
process for each metal gate with diflerent parameters (e.g.,
flow rate of mitrogen, duration of plasma process) while
shielding the other metal gate from the plasma process. As
another example, the oxide layer 85 may be formed by
depositing an oxide over the first work function layer 84
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(e.g., using CVD, PVD, ALD, or the like) instead of con-
verting the surface layers of the first work function layer 84
into an oxide, this may be used when the matenial of the
patterned mask layer 83 does not include oxygen.

FIG. 19 1illustrates a flow chart 1000 of a method of
fabricating a semiconductor device, in accordance with
some embodiments. It should be understood that the
embodiment method shown 1n FIG. 19 1s merely an example
of many possible embodiment methods. One of ordinary
skill 1n the art would recognize many vanations, alterna-
tives, and modifications. For example, various steps as
illustrated 1n FIG. 19 may be added, removed, replaced,
rearranged and repeated.

Retferring to FIG. 19, at step 1010, a first dummy gate
structure and a second dummy gate structure are formed
over a fin. At step 1020, a first dielectric layer 1s formed
around the first dummy gate structure and around the second
dummy gate structure. At step 1030, the first dummy gate
structure and the second dummy gate structure are removed
to form a {irst recess and a second recess 1n the first dielectric
layer, respectively. At step 1040, a gate dielectric layer 1s
formed 1n the first recess and the second recess. At step
1050, a first work function layer 1s formed over the gate
dielectric layer 1n the first recess and 1n the second recess. At
step 1060, the first work function layer 1s removed from the
first recess. At step 1070, a surface layer of the first work
function layer i the second recess i1s converted mto an
oxide. At step 1080, a second work function layer 1s formed
in the first recess over the gate dielectric layer and 1n the
second recess over the oxide.

Embodiments may achieve advantages. By controlling the
thickness of the work function layer (e.g., 86) in the semi-
conductor device, the present disclosure provides mecha-
nisms to easily tune the threshold voltage of the semicon-
ductor device formed. In some embodiments, controlling the
thickness of the work function layer i1s achieved by tuning
parameters of a plasma process used to remove the patterned
mask layer (e.g., 83), and no addition processing step 1s
needed to control the thickness of the work function layer in
the semiconductor device, thereby achieving saving in the
manufacturing cost and time.

In an embodiment, a method of forming a semiconductor
device 1ncludes forming a first dummy gate structure and a
second dummy gate structure over a fin; forming a first
dielectric layer around the first dummy gate structure and
around the second dummy gate structure; removing the first
dummy gate structure and the second dummy gate structure
to form a first recess and a second recess in the first dielectric
layer, respectively; forming a gate dielectric layer 1n the first
recess and the second recess; forming a first work function
layer over the gate dielectric layer 1n the first recess and 1n
the second recess; removing the first work function layer
from the first recess; converting a surface layer of the first
work function layer in the second recess into an oxide; and
forming a second work function layer 1n the first recess over
the gate dielectric layer and in the second recess over the
oxide. In an embodiment, the second work function layer 1n
the second recess over the oxide 1s thicker than the second
work function layer 1n the first recess over the gate dielectric
layer. In an embodiment, the method further comprises
filling the first recess and the second recess with a conduc-
tive material to form a first metal gate and a second metal
gate, respectively. In an embodiment, removing the {first
work function layer from the first recess comprises: forming
a patterned mask layer 1n the second recess to cover the first
work function layer in the second recess, wherein the first
work function layer in the first recess 1s exposed by the
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patterned mask layer; performing an etching process to
remove the exposed first work function layer in the first
recess; and after performing the etching process, performing
a plasma process to remove the patterned mask layer 1n the
second recess. In an embodiment, performing the etching
process comprises performing a wet etch process using an
ctchant that 1s selective to a material of the first work
function layer. In an embodiment, the patterned mask layer
comprises oxygen, and the plasma process generates oxygen
species from the patterned mask layer, wherein converting
the surface layer of the first work function layer comprises
converting the surface layer of the first work function layer
into the oxide using the oxygen species from the patterned
mask layer. In an embodiment, converting the surface layer
of the first work function layer and performing the plasma
process are performed in a same processing step. In an
embodiment, forming the first work function layer com-
prises forming a p-type work function layer. In an embodi-
ment, forming the second work function layer comprises
forming an n-type work function layer. In an embodiment,
the second work function layer in the first recess has a first
thickness different from a second thickness of the second
work function layer 1n the second recess. In an embodiment,
the first work function layer 1s formed using titanium silicon
nitride, the second work function layer 1s formed using
aluminum-doped titanium carbide, and the oxide 1s silicon
oxide.

In an embodiment, a method of forming a semiconductor
device includes forming a first dummy gate and a second
dummy gate over a fin; forming an 1nterlayer dielectric layer
(ILD) around the first dummy gate and the second dummy
gate; and replacing the first dummy gate and the second
dummy gate with a first metal gate and a second metal gate,
respectively, wherein the replacing comprises: removing the
first dummy gate and the second dummy gate to form a {first
recess and a second recess 1n the ILD, respectively; forming,
a gate dielectric layer 1n the first recess and in the second
recess; forming a first work function layer in the second
recess over the gate dielectric layer, wherein the gate dielec-
tric layer in the first recess 1s exposed by the first work
function layer; forming a second work function layer in the
first recess and 1n the second recess using a same deposition
process, wherein the second work function layer 1s formed
to be thicker 1n the second recess than 1n the first recess; and
filling the first recess and the second recess with a conduc-
tive material. In an embodiment, forming the first work
function layer in the second recess comprises: depositing the
first work function layer 1n the first recess and 1n the second
recess; forming a patterned mask layer to cover the first
work function layer in the second recess; removing the first
work function layer in the first recess; and removing the
patterned mask layer. In an embodiment, the patterned mask
layer comprises oxygen, wherein removing the patterned
mask layer comprises performing a plasma process to
remove the patterned mask layer, wherein the plasma pro-
cess coverts a surface layer of the first work function layer
into an oxide. In an embodiment, gases used 1n the plasma
process are free ol oxygen. In an embodiment, the plasma
process 1s performed using gases comprising nitrogen,
wherein the method further comprises changing a thickness
of the second work function layer in the second recess by
changing a flow rate of the nitrogen 1n the plasma process or
by changing a duration of the plasma process.

In an embodiment, a semiconductor device includes a first
metal gate structure over a fin, wherein the first metal gate
structure comprises a gate dielectric layer over the fin, a first
work function layer over and contacting the gate dielectric
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layer, an oxide over the first work function layer, a second
work function layer over the oxide, and a fill metal over the
second work function layer; a second metal gate structure
over the fin and adjacent to the first metal gate structure,
wherein the second metal gate structure comprises the gate
dielectric layer over the fin, the second work function layer
over and contacting the gate dielectric layer, and the fill
metal over the second work function layer, wherein the
second work function layer of the first metal gate structure
1s thicker than the second work function layer of the second
metal gate structure; and a source/drain region over the fin
and between the first metal gate structure and the second
metal gate structure. In an embodiment, the first work
function layer comprises titamium silicon nitride, and the
second work function layer comprises aluminum-doped
titamium carbide. In an embodiment, the second work func-
tion layer of the first metal gate structure has a first thick-
ness, and the second work function layer of the second metal
gate structure has a second thickness, the first thickness 1s
larger than the second thickness by about 2 angstroms to
about 3 angstroms. In an embodiment, the first metal gate
structure and the second metal gate structure are 1n a same
p-type device region or a same n-type device region.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects ol the present disclosure. Those skilled 1n the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modilying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A semiconductor device comprising:

a fin protruding above a substrate;

a first metal gate structure over the fin, wherein the first
metal gate structure comprises a gate dielectric layer
over the fin, a first work function layer over and
contacting the gate dielectric layer, an oxide layer over
the first work function layer, a second work function
layer over the oxide layer, and a fill metal over the
second work function layer;

a second metal gate structure over the fin and adjacent to
the first metal gate structure, wherein the second metal
gate structure 1s spaced apart from the first metal gate
structure, wherein the second metal gate structure com-
prises the gate dielectric layer over the fin, the second
work function layer over and contacting the gate dielec-
tric layer, and the fill metal over the second work
function layer, wherein the second work function layer
of the first metal gate structure 1s thicker than the
second work function layer of the second metal gate
structure; and

a source/drain region over the fin and between the first
metal gate structure and the second metal gate struc-
ture.

2. The semiconductor device of claim 1, wherein the

oxide layer 1s hydrophobic.

3. The semiconductor device of claim 1, wherein the first
work function layer 1s an n-type work function material, and
the second work function layer i1s a p-type work function
material.
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4. The semiconductor device of claim 3, wherein the first
metal gate structure and the second metal gate structure are
in a same n-type device region of the semiconductor device.

5. The semiconductor device of claim 1, wherein the
oxide layer comprise an oxide of a material of the first work
function layer.

6. The semiconductor device of claim 5, wherein the first
work function layer comprises titantum silicon nitride, and
the oxide layer comprises silicon oxide.

7. The semiconductor device of claim 6, wherein the
second work function layer comprises aluminum-doped
titanium carbide.

8. The semiconductor device of claam 7, wherein an
intensity of aluminum diffused from the second work tunc-
tion layer into the gate dielectric layer of the first metal gate
structure, measured using X-ray fluorescence (XRF) tech-
nology, 1s between about 7.57 kilo counts per second (kcps)
and about 7.84 kcps.

9. The semiconductor device of claim 1, wherein the
second work function layer of the first metal gate structure
1s thicker than the second work function layer of the second
metal gate structure by about 2 angstroms to about 3
angstroms.

10. The semiconductor device of claim 1, further com-
prising:

a first dielectric layer over the substrate around the first
metal gate structure and around the second metal gate
structure;

a second dielectric layer over the first dielectric layer;

first contact plugs extending through the second dielectric
layer and electrically coupled to the first metal gate
structure and the second metal gate structure; and

a second contact plug extending through the first dielec-
tric layer and the second dielectric layer, the second
contact plug being electrically coupled to the source/
drain region.

11. A semiconductor device comprising:

a fin protruding above a substrate;

a first metal gate structure over the fin, wherein the first
metal gate structure comprises:

a gate dielectric material over an upper surface and
sidewalls of the fin;

a first work function material over and directly physi-
cally contacting the gate dielectric material;

a second work function material over the first work
function material; and

a fill metal over the second work function material; and
a second metal gate structure over the fin and extending
in parallel with the first metal gate structure, wherein
the second metal gate structure comprises:
the gate dielectric material over the upper surface and
the sidewalls of the fin;

the second work function material over and directly
contacting the gate dielectric material; and

the fill metal over the second work function material,
wherein a first thickness of the second work function
material of the first metal gate structure 1s larger than
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a second thickness of the second work function
material of the second metal gate structure.

12. The semiconductor device of claim 11, wherein the
first metal gate structure further comprises an oxide layer
between the first work function material and the second
work function material.

13. The semiconductor device of claim 12, wherein the
oxide layer comprises an oxide of the first work function
material.

14. The semiconductor device of claim 13, wherein the
first work function material 1s an n-type work function
material, and the second work function material 1s a p-type
work function material.

15. The semiconductor device of claim 11, further com-
prising a source/drain region over the fin and between the
first metal gate structure and the second metal gate structure.

16. The semiconductor device of claim 15, further com-
prising:

a dielectric layer around the first metal gate structure and

the second metal gate structure; and

a contact 1n the dielectric layer and electrically coupled to

the source/drain region.

17. A semiconductor device comprising:

a first gate structure over a fin that protrudes above a

substrate, wherein the first gate structure comprises:

a gate dielectric material over the fin;

a first work function material over and contacting the
gate dielectric material;

an oxide layer over the first work function material;

a second work function material over the oxide layer;
and

a fill metal over the second work function material; and

a second gate structure over the fin and adjacent to the first

gate structure, wherein the second gate structure

extends parallel to the first gate structure and 1s spaced

apart from the first gate structure, wherein the second

gate structure comprises:

the gate dielectric material over the fin;

the second work function material over and contacting
the gate dielectric matenal; and

the fill metal over the second work function material.

18. The semiconductor device of claim 17, wherein the
second work function material of the first gate structure 1s
thicker than the second work function material of the second
gate structure.

19. The semiconductor device of claim 18, wherein the
oxide layer comprises an oxide of the first work function
material.

20. The semiconductor device of claim 17, wherein the
first work function material comprises titanium silicon
nitride, the oxide layer comprises silicon oxide, and the
second work function material comprises aluminum-doped
titanium carbide.
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